Introduction
Many kinds of photosynthetic bacteria and microalgae produce unique bioactive materials, such as pigments, proteins, fatty acids and vitamins. In cultivation of these photosynthetic cells, the design of photobioreactors for effective illumination is essential to reduce the production cost. While sunlight is the cheapest light source available, its light intensity fluctuates diurnally and seasonally, and its energy intensity is limited. To attain controlled cultivation conditions and productivity, electric illuminating devices that convert energy to light with high efficiency and emit light with favorable physiological effects on photosynthetic cells must be used in photobioreactor systems. Light emitting diodes (LEDs) have narrow light emission spectra, high conversion efficiency and low heat emission. The physiological effects of light with a specific range of wavelength on photosynthetic cells have been widely studied by using combinations of special light sources and filters. LEDs can be useful light sources for this purpose, because a wide variety of LEDs emitting from red to purple light are now available.
The photosynthetic microalga Haematococcus pluvialis is a potential source of astaxanthin, which is used as a feed additive for the pigmentation of cultured salmon and egg yolk and also as an antioxidative drug [1] . It is reported that a morphological change of H. pluvialis from the green vegetative cells moving with flagella to red resting cyst cells without flagella enhances astaxanthin production, and that astaxanthin accumulation could be induced by high temperature, deficiency of nutrients [2] , high light intensity [3] , supplemental blue light [4] and the addition of oxidative supplements to media [5] . These results show that astaxanthin production by H. pluvialis is enhanced under conditions of stress. A specific range of incident light wavelength may affect the production of pigments such as astaxanthin and can contribute to the stress acting against photosynthetic cells.
In this work, H. pluvialis was cultivated under illumination with LEDs emitting red (λmax= 625 nm), green (λmax= 525 nm), blue (λmax= 470 nm), blue-purple (λmax= 410 nm) and purple (λmax= 380 nm) light. The effects of wavelength on the growth rate and astaxanthin accumulation in cells were studied. Table. 1. The LEDs have narrow emission spectra, while the fluorescent lamp emitted a wider range of wavelengths with the main peak in the green band.
Materials and methods

Microorganism and cultivation conditions
Measurement of cell concentration and size
Since H. pluvialis shows a morphological change from green vegetative cells moving with flagella to red resting cyst cells without flagella during cultivation, the absorbance and spectra of cell suspensions, and thus the correlation between cell weight and the absorbance at a specific wavelength, change with time. The change in spectra of cell suspensions with cultivation time is shown in Fig. 1 (a) . Overall, the absorbance from 300 nm to 1100 nm decreased with cultivation time, but the absorbance at 680 nm, attributed to chlorophyll a as shown in The size, number and color of cells were observed with a microscope.
Measurement of astaxanthin content in cells
To determine the astaxanthin concentration in cultured H. pluvialis, samples of 0.5 ml of cell suspensions were removed daily from the culture vessel and centrifuged at 7,500 g for 10 min. The cell precipitate was resuspended in 0.5 ml of methanol and mixed with 0.40 g of silica particles
(particle size = 0.2 -1 mm, Kanto Chemical, Tokyo, Japan). To extract astaxanthin from cells, the mixture was vigorously mixed with a vibrator for 10 min and centrifuged for 10 min. The supernatant was divided into three portions. The precipitate was extracted again with 0.5 ml methanol to determine the remaining amount of astaxanthin.
The first portion of the supernatant was used for measurement of the spectrum. The second portion was applied to a HPLC system (LC-10, Shimadzu) equipped with a reverse phase column (Cosmosil 5C18-MS-II, 4.6 x 150 mm, nacalai tesque, Kyoto, Japan). The mobile phase was methanol with a flow rate of 1 ml/min, and the absorbance of the effluent solution was measured at 470 nm and 680 nm with a photodiode array detector (SPD-M10A, Shimadzu). The third portion (0.5 ml) was mixed with 0.1 ml of a methanol solution of NaOH (5 mM NaOH), kept overnight under nitrogen in darkness at room temperature for saponification of astaxanthin esters and applied to the HPLC column [7, 8] under the same conditions as above. The concentration of astaxanthin was determined by use of a calibration curve obtained with authentic free astaxanthin.
Results and Discussion
Analysis of astaxanthin extracted from cells
In the first extraction step (section 2.3 above), over 90 % of colored products were extracted into methanol. Figures 2 (a) and (b) show chromatograms of extracted samples before and after saponification. Many peaks attributed to astaxanthin esters disappeared after saponification, and a single main peak of free astaxanthin was observed in Fig. 2 (b) [8].
Effects of incident wavelength and intensity on growth rate
and astaxanthin production Table 1 shows the specific growth rate, dry cell weight, specific maximum production rate of astaxanthin and astaxanthin concentration in 
